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% Outline/Agenda

e 1—-4pm:

Session on Advanced Research Projects Agency — Energy
(ARPA-E) Programs

* 4 —-5pm:
Session on Building Technologies Office (BTO) Programs



DOE R&D Strategies

ARPA-E Building Technologies Office
* Both focused and open programs e Organized around four program
organized around core areas of: areas:
* Electricity Generation & Delivery * Emerging Technologies (ET)
* Efficiency * Residential Buildings Integration
* Transportation * Commercial Buildings Integration

* Codesand Standards

* No long-term roadmaps identifying  * Areas of interest identified through

specific areas of R&D periodic R&D assessment exercises
e Focus of today’s session: e Focus of today’s session:
* Introduce SHIELD program, lessons * Providea status updateonthe
learned, and key outputs Windows and Opaque Envelope
 Solicit feedback on next steps post- Research & Development Opportunity
ARPA-E funding and identify pathways (RDO) reports
for commercialization * IntroducetheBTO Grid-interactive

Efficient Buildings (GEB) reports
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The ARPA-E SHIELD Program — A Window
into the Future of Novel Materials for
Thermal Management
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What is ARPA-E?

The Advanced Research Projects Agency-Energy (ARPA-E) is an agency within the
U.S. Department of Energy that:

® Provides Research and Development funding for high-risk, high-reward,
transformational ideas

® Focuses on technologies that could fundamentally change the way we get,
use and store energy

® Accelerates energy innovations that will create a more secure, affordable, and
sustainable



Creating New Learning Curves
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Addressing Single-Pane Windows

SHIELD

Single-Pane Highly Insulating Efficient Lucid Designs

Mission

* Developinnovative materials that
willimprove the energy efficiency
of existing single-pane windows
in commercial and residential
buildings.

Year 2016
Projects 14

Funding -
Amount $30.9 million

Goals

Develop technologies in three technical categories:

1. Products that can be applied onto existing
windowpanes

2. Manufactured windowpanes that can be installed
into the existing window sash

3. Other early-stage, highly innovative technologies
that can enable products in the first two technical
categories

Cut in half the amount of heat lost through single-pane
windows. These materials would improve insulation,
reduce cold weather condensation, and enhance
occupant comfort

Produce secondary benefits, such as improved
soundproofing, that will make retrofits more desirable to
building occupants and owners



Technology Acceleration Model

SHIELD Close-out/ASHRAE Workshop,

Fall 2019
PROJECT HANDOFF
Transition Toward Market Adoption
TODAY!

DEFINITION
% SHIELD Program
PROGRAM Conception, Fall 2014
CYCLE —
~4 YEARS
COMPETITION
ACTIVELY "\
MANAGED SHIELD FOA Issuance,
EXECUTION gi1ELD Project Kick-off, Fall 2015

Fall 2016
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New Construction Rate is Limited...

leaving a significant retrofit opportunity

Building Construction by Date
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Size of Single Pane Retrofit Market

Midwest
(12 states)

2.5B ft?

" South
{17 states, including DC)

3.0B ft? 7.2B ft?

2019 Buildings XIV International Conference




Heating Loads from Window Conduction
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Improving Ug;,.je.pane r€duces heating costs
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Why do single pane windows persist?

Within the existing building stock (i.e. retrofits):
* |GU lifetimes are typically 15-30 years

Rate of return on retrofit investments is typically less than 0%

Failures in IGU installations

Weight restrictions for some existing construction

Architectural restrictions for historical building types



Additional Obstruction of Clarity...

condensation resistance

double pane single pane
7;:ond= -30C Tcond =-2C

Interior air at 21 C & 30% relative humidity

* Not only unsightly, condensation undoes the U improvement
from low-e films

* Condensation precludes a healthful indoor humidity



ARPA-E White Space

window film
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Program Concept

» Significantly reduce cold-weather thermal losses through single-pane
windows via new applied films or replacement panes

Highly insulating
thermal barrier

? Low-e coating
High Low
thermal Reflected off thermal i
loss surface loss Reflected off
i low-e coating
+ reduced
conduction
through pane
Exterior Interior Exterior Interior

o Single-pane window
Typical single-pane +

window SHIELD applied film



Further Defining the White Space for Innovation

 Novel materials may be able to reduce energy loss, while maintaining occupant
comfort

* Thermal conductivities, sample sizes, and mechanical stabilities are not
sufficient for cost-effective windows energy saving solutions

e Material pore size and size distribution difficult to control to reduce haze and
maximize visible light transmission (Tvis) on a scale that is relevant to window
applications

* Rapid fabrication techniques must be compatible with established insulating
glass and window manufacturing processes



SHIELD Program Metrics

* CATEGORY 1: Applied Product Targets
D lProperty | Metric |

1.1 winter U-factor (center-of-glass) less than0.50 BTU/sf/hr/°F
exterior temperature for interior condensation less than-5 C
(center-of-glass)
exterior temperature at which the interior pane less than0 C
surface has radiative temperature 11 C (center-of-
glass)
haze less than2%
visible transmittance more than 70%, with a color rendering index R,

>0.9.
estimated manufacturing cost less than S5 per square foot
estimated median service lifetime more than 10 years

* CATEGORY 2: Manufactured Pane Targets
D [Poperty [ Metic

winter U-factor (center-of-glass) less than 0.40 BTU/sf/hr/°F

exterior temperature for interior condensation less than-10 C
(center-of-glass)
exterior temperature at which the interior pane less than-5 C
surface has radiative temperature 11 C (center-of-
glass)
haze less than 1%
visible transmittance more than 80%, with a color rendering index R,
>0.9.
estimated manufacturing cost less than $10 per square foot
2.7 estimated median service lifetime more than 20 years

(CATEGORY 3: Partial Solutions)



Original SHIELD Portfolio Break-down

Category 1: Applied Products
Products that adhere to an existing windowpane

Category 2: Manufactured Panes
Manufactured windowpanes that can be installed
in existing sashes

Category 3: Innovative Partial Solutions
Components that enable Category 1 or 2
technologies

University of Colorado, Boulder
SRI International

IRDynamics

nanoSD

University of California, San Diego

= Aspen Aerogels

= Arizona State University

= Triton Systems, Inc.

= Palo Alto Research Center (PARC)

University of California, Los Angeles
Virginia Commonwealth University
Argonne National Laboratory
Eclipse Energy Systems, Inc.



Current SHIELD Technology Portfolio

Aerogels

UCLA

Porous materials = aerogels (silica, silica/polymer, polymer, cellulose), plasma spray silica, nanofoams.
Non-porous materials = polymer+ composites.



How Far Have We Come?

* Porous silica-containing films with smaller pore sizes (<100 nm) have been
demonstrated at ~3 mm thickness, driving down haze and increasing T,

* Crack-free (monolithic) and uniform films produced up to 1 m? scale, though
with long fabrication times (several days)

* Porous polymer films show promise, but have not yet achieved the level of
performance of silica-containing films

Metic | PROGRAMTARGET | _AchievedToDate _
E > L1 sy upto

>90 Upto 95

Visually uniform Visually uniform

(not specified) Down to 0.01

<0.5 Down to 0.4

<$5/ft? Down to $2.45/sqft
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‘ Conclusions

Lessons Learned:

* Optically-clear aerogels are achievable through various approaches (i.e.
silica based aerogels and porous polymers were generally more successful
than non-porous materials)

* Retrofit panes and aerogel-integrated IGUs appear closer to market than
applied films — some durability issues can be mitigated with appropriate
edge seals

* Existing low-e films (in some cases) can be levered for improving aerogel
insulating performance

e Acoustic attenuation may be possible with some systems, but looks
unlikely or very limited with most porous aerogels
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* Challenges:

Conclusions

Reliable replication of high-performing samples (i.e. yield)

Mechanical robustness over time

Processimprovement to reduce fabrication time (several days -> several hours)
Integrationinto window assemblies

Translation to production-environment-compatible processes

Improve U-value: now at ~0.5; can this be driven down further at minimal cost?
Production cost comparable to (or betterthan) high performance windows
Real-world “in-field” validation of performance

* Next Steps:

Aerogel |G scale-up, production testing

Durability assessment (i.e. in-lab accelerated lifetime testing, in-field
performance/failuretesting and identification)

Engagement with certification bodies (e.g., IGMA, NFRC)
Continued Industry engagement
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» QUESTIONS?

Marina Sofos
Marina.sofos@hq.doe.gov
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2019 Buildings XIV International Conference

Workshop 8: DOE Building
Envelope Research
Projects on Fenestration G
umvestyarcaoriosoise @l Grid Interaction  uesy o cooco

Ilvan.smalyukh@Colorado.edu Boulder

Super-transparent thermal
insulation for boosting window
efficiency
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Windows & energy: not a simple problem

Problem & liquid crystal enabled solution
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—Buildings account for ~15% of global energy consumption
—20% building energy is lost through windows

—About 40% single pane windows

—>Need a visibly transparent thermal barrier & low-e




Transparent aerogels as window products

New breeds of >R5 thin IGUs Window retrofits
% @ ------ NN)))
Transparent »
g‘pﬁ CTVAVA /ﬁ\
Insulator \\\\\‘. @ )Q
W - , \ \_/

Easy to install!

—Building wall grade energy efficiency
—Uncompromised transparency
—Condensation resistance, soundproofing...



Target metrics for different products

7-25mm thick IGUs | 1.5-4mm thick film
>95% aerogel >99.5% aerogel
_ <1% aerogel <2% aerogel

U-value, BTU/sf/F/hr [iREoke: <0.35

Color rendering index BXe[e}74 >99%

Cost per square foot pERUILD) <1.5 USD

UV & 80/80 tests <1%relative change <2%relative change
Product lifetime 30 years 20 years
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AIR FILM: “Frozen air” aerogel metamaterial

Edge of aerogel film

@ ] —— Total transmission

(V) . —— Diffuse transmission
ol 80 -
60 -
%T 1
..... 40 -
20 -

0 T T T T T T T T T T T

400 450 500 550 600 650 700
-3 : - E . Wavelength (nm)
Optically closest to air Square meter

—Transmission (glass~92%): >99.2 é
—Haze: ~1% or even less

—Color rendering index: >99%
—Effective refractive index: 1.034



Refractive index of LC aerogel films

Methods to measure refractive index:

% Snell's Law (see the picture) Aerogel
 Deviation of a beam by a prism !

a

Reflection and Fresnel equations

1175 | ® refractiveindex from reflection

1.150 - — Fit with Cauchy’s dispersion equation

Counts

n,=1.034+0.015 1.125]

1.100

1.075

102 103 104 105 106 1.050

n

Refractive index n

1.025]
All 3 methods produce consistent data

uniform over the large area, repetitive from
sample to sample!

1.000

0.975 . ! . ,
500 600 700
Wavelength (nm)




Water repellent, super-hydrophobic, flexible/strong

¢ Our aerogels are highly hydrophobic

and water repellent
-

«10°  Stretching Aerogels!

Stress (Pa)
o o o N

e

0 5 10 15 20
Strain (%)

CNF aerogel is tougher & more
flexible than other aerogels




Thermal barrier: toward R10 windows

—>11mW/(Km)
—Models of homes during winter/summer

N
(%)
N

e iy

Hot box

PR

Dmer).

Cold box (winter)




Design & fabrication of the retrofit product

Aerogel Protective layer

+Polymer film +Thin glass

Square meter aerogel on transparent

plastic/glass
\\ < W




Environmental hot/cold box chamber

Calibrated hot box chamber for square-meter samples

Environmental chamber

Glass pane with aerogel film

** Temperature controlled in the
range —65°C through +100°C

**The indoor humidity controlled
in the range 10-90%

2019 Buildings XIV International Conference



Windows comfort parameters

| 110¢ at 0.70¢ R Condensation resistance factor
20
| T,-T
CRF=2—%,100=47
Ti _Te

in the range of CRF=35-50
A rewofitedpane  fOr double pane windows

—C——  Singlepane
T — T T T T 4\% T T T T T T !
>0 .15 .10 5 gt) 5 10 15
Exteriortemperature (°C)

*»* Exterior temperature at which the interior pane surface has
temperature of 11°Cis 0.7°C, much lower than ~7°C for a single
pane window

Interior surface temperature (°C)

*»» Exterior temperature for interior condensationis -15.4°C



Scaling & accelerated lifetime testing

Thermal Cycling, Highly insulating A-IGU
windows including framing

7-month durability tests - accelerated
modeling & testing lifetime performance BB

Fabrication: 200 L vessel!!!



Partnerships & strategies

ARPA-E
SHIELD CU Boulder
e ‘ AIR FILM
‘ (Durability, Team o ‘,\(\%
ifetime) roduc iFeather \’\o
alldatlon , Technologles Clty of Boulder )
( (Equlpment _ C. Fleld Rach
velopment) o 1

Wi S
distributors/Installers

SBIR ants
Venture Capitals




Project outputs

* 6 publications published, 1 in press, 3 to be submitted
e 2 patents, 3 Provisionals, 2 more in preparation

e About 30 NDAs, MTAs & other formal agreements

* ARPA-E summit’s central-stage highlight

e 2019 Colorado Lab Venture Challenge winner

e 2018 NASA iTech winner

* Guinness World Record



Project next steps

* For retrofit
- Licensing & pilot-scale production through iFeather
- Initial business development through Colorado Lab Venture
Challenge
- Applying for funding for Field testing & validation

* For Aerogel-IGU
- Licensing through major IGU glass manufacturers
- Further co-development through the iFeather & CU Boulder

Through major glass manufacturers, such as Cardinal, Guardian, or Pilkington etc.

DElﬁKING IGUs

4 A\

Initial
R&D

Scaling &
performance Licensing
testing

Pilot First Manufacturing International
Production customers in US customers

Retrofits 7/20 9/21 9/22

Through a start-up company, iFEATHER Technologies Inc.
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Lessons learned

* Materialswith >99% transparency are possible

e Aerogels films with haze <1% can be achieved

* Integrating aerogels with protective layers aids in making them
even more mechanically robust

* |t took ~1year for University of Colorado & Akron University to
sign a contract for using facility—involving a startup early on
would have saved some time

* “if we could do the project all over again, we'd not assume that
we can stay in our laboratoryfor the entire project duration...”



394 QUESTIONS?

Prof. Ivan |. Smalyukh
Cell phone: 303-506-8567
lvan.smalyukh@Colorado.edu
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Product Overview

The Problem:

* Thin glass with superior
thermal performance.

 Not Available

Our Solution:

* Water-impermeable,
Triple Ag low-e durable,<7-mm-thick
(surface 2) Glass/Coating/Glass package.
* single-pane form factor,
1CO low-e _a “‘*3\ Edge seal double-pane performance
(surface 4) 2 mm glass
1 mm SiO, coating

2 mm glass * Technical approach

* Aerosol Impaction Driven
Assembly (AIDA)



Product Innovation

Aerosol Impaction
* Plasma synthesis of SiO, nanoparticles Driven Assembly

* 5nm in diameter, controlled via (AIDA)

residence time in plasma
Precursor Gas

* SiH, and air are precursors to synthesis

peatll <— Plasma

S B1<—NPs

Vacuum pump



Product Innovation

Aerosol Impaction
* Plasma synthesis of SiO, nanoparticles Driven Assembly

* 5nm in diameter, controlled via (AIDA)

residence time in plasma
Precursor Gas

* SiH, and air are precursors to synthesis 4

* Spray deposition of aerosol onto glass bool| < Plasma

S Bl<—NPs

* Acceleration through nozzle into 1-10 Torr
. 8
continuously evacuated chamber 0.1-1Torr <— Linear
. . . nozzle
* Controllable particleimpact velocity | < Aerosol

translates to controllable film porosity e jet
(5-95%) and thermal conductivity. Im ----------------

* Linear, scalable source (slit nozzle) in N I
series to meet desired line speed Vacuum pump



Product Innovation

Aerosol Impaction
* Plasma synthesis of SiO, nanoparticles Driven Assembly

* 5nm in diameter, controlled via (AIDA)

residence time in plasma
Precursor Gas

* SiH, and air are precursors to synthesis 4

* Spray deposition of aerosol onto glass bool| < Plasma

S B1<—NPs

* Acceleration through nozzle into 1-10 Torr
. 8
continuously evacuated chamber 0.1-1Torr <— Linear
. . . nozzle
* Controllable particleimpact velocity | < Aerosol

translates to controllable film porosity | €@l e jet
(5-95%) and thermal conductivity. Im ----------------

* Linear, scalable source (slit nozzle) in N I
series to meet desired line speed Vacuum pump

e Environmental isolation with outer glass



Target Technical Metrics

* Single-pane replacement

U-factor (BTU/sf/F/hr) T.is (%) Haze (%) Lifetime (Years) COGS ($/ft?)

0.4 >60 <1 >20 <10

* |P and know-how in window
product, coating hardware/
process, and raw materials

e Start-up company commercializing
coating deposition method for
other applications; business model
is to provide licensed deposition
hardware and coating materials.

1mm




Deposition / Structure Evolution

Deposition on plastic film

PET Substrate 1 Hm 5um
Coating Coating

Flame
Synthesis
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Deposition / Structure Evolution

Deposition on plastic film

Depositionon
glass

PET Substrate 1 Hm 5um
Coating Coating

-
et

Q4

=

Flame Plasma Synthesis
Synthesis || 100 nm — 100 pm




Deposition / Structure Evolution

Depositionon plastic film Glass-glass package with
. edge seal
Depositionon T die
glass P
PET Substrate 1 Hm 5um *M/& /
Coating Coating
Q4 Q8
Flame Plasma Synthesis || First Prototype

Synthesis 100 nm — 100 um | | (1 mm) Haze 23%




Deposition / Structure Evolution

Depositionon plastic film Glass-glass package with
edge seal

Depositionon
glass

PET Substrate 1 um 5 um / '
Coating Coating /

Q4 Q8 Q12
Flame Plasma Synthesis First Prototype Current Prototype

Synthesis 11100 nm — 100 pm | | (1 mm) Haze 23% | | (1 mm) Haze 6.5%




Optical Properties

e Started using plasmain Q4.
 First1 mm demonstration Q6.

25 ’—l 1 | | L | LI | 11 | 1 l—‘
" % (Q6) i
* Q6-Q7 20 -
* Optimized process conditions I _
% (Q7)
S 15 [ -
=~ i SHIELD Prototypes |
3

T 10 —
5 —
~Triple-LoE  Double-LoE LoE LoE -
triple pane, double pape douple pane  single pane

O /. 4] | 11 1 A A L1 1 |- 11

50 55 60 65 70 75
Visible Transmittance (%)



Optical Properties

e Started using plasmain Q4.
 First1 mm demonstration Q6.

25 ’—I 1 | | L | LI | 11 | 1 I—‘

I * (Q6) i

* Q6-Q7 20 -

* Optimized process conditions R % @7 .

° —_— e 15 —
Q7/8 Q3 < SHIELD Prototypes

* + Impactor § i i

T 10 - Y (Q9) ]

5 __ _—

—Triple-LOE Double-LoE LoE L'OEI .

0 tr|lple£a}nel dlouE)Ielpa e dlou Ielpalnel |529 elpa:ne
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Visible Transmittance (%)



Optical Properties

e Started using plasmain Q4.
 First1 mm demonstration Q6.

25 ’—I LI | LI | LI | LI | LI I—‘
n % (Q6) i
* Q6-Q7 20 -
* Optimized process conditions I _
* @Q7)
. - S 15 | —
Q7/8-Q9 S SHIELD Prototypes
* + |mpactor § i ]
10 —
o Qg _ Q10/11 I % (Q9)
* Optimized throughput - % (Q10-11)
* Reactorre-design
=Triple-LOE  Double-LoE LoE L'OEI .
0 tr|lple£alneI dlouE)Ielpa e dlou Ielpalnel |529 elpa:ne
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Optical Properties

e Started using plasmain Q4.
 First1 mm demonstration Q6.

25 ’—I LI | LI | LI | LI | LI I—‘
i (Q6) i
* Q6-Q7 20 -
* Optimized process conditions i o i
- Q7/8-Q9 g 15 -
* +|mpactor g i I
cIG 10 (Q9) —
* Q9-Q10/11
* Optimized throughput : % (Q10-11)
* Reactor re-design B : |
—Triple-LoE Double-LoE ©*  LoE LoE -
° Q11 — Q12 0 ‘triple pe:nel dloul?IelpaPeA’_I‘dloui)lelpalnel |Si-ng|el pe:ne
* Reduced particle agglomeration 50 55 60 65 70 75

* Reduced surface roughness Visible Transmittance (%)



Optical Properties

e Current Haze (6.5%)

42+08nm B
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Optical Properties

e Current Haze (6.5%) and Pore Diameter (15 nm)

Porosity (%)

74 76 78 80 82 84 86 88 9091

g llllllllIIIlllllllllllllllllllllll
S F 570
() C
E F
=) L
° K
> r
- E
q) —
N OF
< E
E £
5 F
3 i}
0 10 20 30 40 50 60 70
Pore Width (nm)
ESO : I IIIIIIIIIIIIII:
5 C -
325 :— e 0 —:
®» 20 E e 7
E - e ©® -
) = 0 -
0_15 . o [ ]
g 10 F =
= § - E
4.2+0.8 nm T S = E
8 0 :IIIIIIIIIIIIIIIIIII:

72 76 80 84 88 92
Porosity (%)
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Optical Properties — Reducing Haze

 Surface Scattering T oot
* Translation ®= rparticlebeamwidth ©% P profilometry |
“chatter” %2: ;

* tool re-design g L

* nozzle re- F
design R

0 2 4 6 8 10 12
Position (mm)
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Optical Properties — Reducing Haze

 Surface Scattering T ontical
. - 4 = : —
* Translation ~ _ . Profilometry -
“chatter” 3 E
* tool re-design 2 b
* nozzle re- F
deSign _1EuAu|I|||I|||I|||I|||I|||
0 2 4 6 8 10 12

Position (mm)

* Bulk Scattering

* Reduce large
pores>30nm

* decrease
agglomeration
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Thermal Properties

* Thermal Conductivity
* Guarded hot plate @ CSM

0.12

o Guarded Hot Plate
* e Flash Diffusivity

i

|
+
s G la’o*i’l

40 30

o o o
o =) =
=3 @® o

Thermal Conductivity W/mK

o
o
&

00
Porosity %

Measured Thermal Conductivity for Calculated (THERM) U-Factor for
200 pum SHIELD Prototype 1 mm SHIELD Prototype

0.02 £ 0.005 W/mK 0.437 BTU/sf/hr/F
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Thermal Properties

 U- Factor
e Calculated with THERM

Pressure(Torr)
U Factor (Btu hr-1 ft -2 F -1)

P=10 Torr

0.5 1.0 1.5 2.0 2.5 3.0
Thickness (mm)
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Visualization of Techno-Economic Model

Plasma / Silane Route

Production Scale

- Source Energy (kWh/keg-Si0,)
(1 Million Sgft/year)

Tool Deposition Rate

(mg/min/cm)
i OPEX — Source Electric
m Silica Required . Req. Tool Positions
o R (count)
: i CAPEX (Tools)
Silane Required OPEX (Silane)
(MT/year)
e Influent Volume . .
= ‘ (m?/h)
! OPEX ~ d
Pipe Conductance Req. Pumping Speed ’_b [Pump E|EC’triCit¥} g.*“‘f'—l
Operating Pressure (m3/h) I—b CAPEX (Pumps)




Visualization of Techno-Economic Model

Dependence on Haze/Throughput

550: T T T TTI0 40
§45:— / N
Ty = %
S op |

cU — N =
© 25— N £
S — a
3 20 - __20§
315:— — 15
QL : -/ —

g_). 5:_ / \\_ ..... _10
= ok — 1Tl L1 T+l 5

0.1 1

Throughput (mg/min/cm)

*Data based on 5% Silane, 1 mm coating
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Timeline

Prototype

Commercialization

1-mm-thick 3.5” x 5”
demonstrated with

|

Implement new hardware to
lower surface scattering

<5% Haze Irr;qplement new Pass all window standards
—— ardware to with SHIELD window product
lower bulk
X scattering ASTM ###
Scaling to 14” x 24”; 8 hoursrun time ISO #it#

Demonstrate full SHIELD window
producton 14” x 24” scale




Other Project Output

* Hydrophobic coatings * Thermal insulation for
* Increased ambient Semiconductor devices
working time 10x. * Isolation of selected
areas

e >0k e e ww Mt 38 a0ex LIS PIUD RSB PR
-------------------------------

O RO OO O CAUR 0 R0 A0R 0 X0 20700 SO 0O S0
ORI R DRO RO ARG RORD A0S0 2020 200 X0 20 L0 ALY
...........

-----------

uuuuuuuuu

----------

ooooooooo

ooooooooo

---------

----------

------------

------------
--------------
---------------------

-------
----------
-----------

----------
-----------
----------

-----------
----------
oooooooooooo
oooooooooo
nnnnnnnnnn

-------

SHIELD Coating SHIELD Coating et n

+ hydrophobic coating D S e

o el 8 £
90T 3aepk ¢ SO0 sacS sves S

Dry

Etching
Silica coating after spinningand
patterning positive resist, dry etching,
and resist stripping, showing successful
patterning ofa 50% porous layer



Other Project Output

* VIG Pillars

e Continued interestin
transparent, thermally
insulating VIG pillars from IGU
manufacturers

* Failure strengthis low;
thermal conductivity and
transparency are exceptional




Other Project Output

* VIG Pillars * Thinner coatings within
* Continued interestin multi-pane IGUs
transparent, thermally

insulating VIG pillars from IGU Edge seal / Spacer

manufacturers N
2 mm glass/
0.2 mm SHIELD
2 mm glass
Inert gap
* Failure strengthis low; 4 mm glass

thermal conductivity and
transparency are exceptional \ -
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% Polymer Aerogel Pane Architecture

Double pane
Outdoors Indoors

Transparent, polymer Low-e coating Float glass -
aerogel (key innovation)  (commercial) (commercial)

Conduction

-

Convection

U-factor U-factor Radiation

gg{\‘

N -
s S
el w0
~sfl o

glass glass glass
+ low-¢ + low-e =11
+ barrier = 0.65 lj 0
~n A -\
= 037 I A Proposed pane
f
i
% |
| !
i
: . , i
Integrate aerogel with commercial pyrolytic low-e ! :
glass to alleviate heat loss due to Protectivelayer
Low-e glass

convection, conduction, and radiation Transparent polymer aeroge!



Target Technical Metrics

Our Technology Target Specs

* Thermal conductivity< 0.020 W/mK

e All polymer aerogel with sub-10 nm e U-factor< 0.4 BTU/F/hr/ft?
pores and porosity > 80% e Haze < 1% (1/8” thick)

* Mechanicallytough and moisture e Visible transmittance > 80%
edlsEe * Durability > 20 years

* Integrates with existing low-e glass e Cost<$10/ ft2

* Scalable using existing manufacturing
* New windowpane or retrofit

Core Innovations and IP
e Polymer aerogel window pane
* Methodsto control poresize and
uniformity
* Formulation design rules
* 4+ Patentsfiled
Monomer(s)

+ solvent 20 nm
+ cross-linkers _——

Formation of 'H——"L -‘-——l.—-ﬁ L
1 ,/ ) solvated gel Solvent Ambient
\\ P by polymerization exchange drying =
\
\ e = i
= =
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IM Technical Challenge:

Simultaneous Transparency and Porosity

Thermal insulation requires high porosity
* Pores>"~20 nm scattervisible light
(Rayleigh and Mie)
* Scatteringis highly pore size dependent

Scattering  Pore size
: Dense polystyrene:
Porousopolystyrene. OpticallStansyparent Cross section 9 2
pague 2,”5 .
Oy = —
> 3 M\ n2+4+2

Window applications require:
* High visible transmittance AND
* Low haze (H)
T. —
Silica aerogel with hazy, blue appearance, H = ?f;um li— — Teorward
supercritical CO, drying total ST

scattered




g Fabrication of Transparent Polymer Aerogels

By Controlled Radical Polymerization

Monomer(s)
+ solvent 20 nm

+ cross-linkers

) / Formation of — L — L ) -—-1 ~
\ / solvated gel Solvent Ambient
g drying

\ = by polymerization ‘ exchange \
\ - I !

* All process steps play a role in achieving small pore size at high porosity
* Low thermal conductivity: Solvent in gel turns into porosity upon drying
* Low haze/high transparency: Narrow pore size distribution and
small scatterer size is achieved through controlled radical polymerization

I uk- ], |

=
:

Mix reactants Castresin at 90 °C




% Proof of Concept

Uncontrolled polymerization Controlled polymerization
. 2 I
_l l Wet gel: opaque : Wet gel: transparent
Aerogel: opaque = Aerogel: transparent
= — Surfacearea: 830 m?/g Surface Area: 850 m?/g
| - l Porosity: 66 % ~— 1 [ Porosity:42 %
, 2.0 T
40 A 5
= | = 1.5 -
mg 3.0 - 1 mg
2 20 - ’ g 101
i) ! o
> | =
© 10 - © 051
00 T T :I T T T T OO :I 1 L L T 1
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Pore width [nm] Pore width [nm]

* Controlled polymerization gives transparent, porous materials with ambient drying
e Controlled radical polymerization leads to suppression of large pores



M Overcoming Thermal Conductivity-Haze

Tradeoff

e Earlyin the project, we found a thermal conductivity-haze tradeoff

e Can move off of tradeoff by picking precursors to have intrinsically favorable
optical and thermal properties

0.20
~ A ® Composition 1
= 4 Composition 2
= 0 15 ¢ Composition 3
4 s
g = Composition 4
5 Q 0 10 A Composition 5
= E " .
S v
O = . :
(U ~— 0-05 B
=
S
_GCJ 0.00 I I I I [ T T
—

0 20 40 60 80
Haze %, 1/8"



g Prototype Performance

Pane prototypeat 4x4”,
On low-e glass

-

—A
T

;‘ ".

Pane performance (from same sample) Remaining challenges

» Size: 4 x4 x 1/8” ambient dried aerogel * Reduce processcost: increaseyield,

* Transmittance=70% decrease process time and shrinkage
* Haze=7% * Largersize: overcome cracking

e U-factor=0.57BTU/hr/ft%/°F * Further decouple pore size and

porosity to decrease U-factorand

* Best lab-scale aerogel performance at 2x2”: haze
0.07W/mK, 5 % haze



g Reducing Process Cost

« Estimated cost is $9-26/ft> depending on target vs. near term process

conditions
» Solvent-based processing leads to direct and indirect costs

« Main cost drivers:
« Amount of solvent during solvent exchange - now minimized
* Yield during drying process
« Shrinkage during drying process

Drying, stage1: Drying, stage 2: pores empty:
Gel shrinks and becomes more rigid Aerogel is susceptible to cracking
due to capillary stresses

s ~ :S;.' hE WAL

Evaporation
—_—

Shrinkage

« Solvent-free manufacturing processes are under consideration



Transparent Polymer Aerogels Represent a

New Polymer Aerogel Morphology

Transparent aerogels:
Highly crosslinked,
suppressed intrachain reactions

100

Favorability of
polymer-solvent
interaction

Increasing % crosslinker
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im Polymer Aerogels in IGUs Can Enable

Thinner Low U-factor Windows

1 Double IGU: 1 Triple IGU: 1 Aerogel Double IGU:
3 mm silver low-e 3 mm silver low-e 3 mm silver low-e
90 % Ar gap 90 % Ar gap 90 % Ar gap
3 mm clear glass 3 mm clear glass 3 mm, 0.07 W/mK aerogel
90 % Ar gap 3 mm clear glass

3 mm clear glass

o
w
a

] — _Double IGU Aerogel Double IGU Has:

< 030 T Triple IGU * Lower U-factorthan double IGU
83 . —Aerogel Double IGU|| « Thinner, and lighter than triple IGU
£ €025 -
5L .
w2 . Modeled using lab scale performance
O @020 T of aerogel

0.15 ] T T T T I T T T T I T T T T I T T T T

o

20 40 60 80
Total window thickness (mm)



% Lessons Learned

» Skylights, storm windows, and daylighting are interesting entry markets for
aerogel insulation, as long as there is a long term path to larger markets

Skylights: Storm windows: Daylighting:
Less stringent optical Less stringent Doesn’t require aerogel
requirements durability to be a monolith

requirements

 Ambient drying is not automatically cheap:

* At scale, solvent-based processes are expensive, even with commodity
organic solvents

* Low cost requires short process times and small solvent volumes



% Project Outputs

Publication in progress: “Controlled Radical Polymerization Enables Optically
Transparent, High Surface Area Polymer Aerogels”

2 conference presentations:
2018 Gordon Conference on Membranes, Materials, and Processes

e 2019 American Physical Society March Meeting, Polymer Science

4+ patents filed covering the use of polymer aerogels in windows, design
guidelines, and controlled polymerization methods

We are actively seeking:
* Polymer aerogel manufacturing partner
* Potential technology licensees
* Follow-on funding to explore solvent-free approaches



Project Next Steps

* Explore solvent-free manufacturing approaches to:
* Reduce process costsrelated to solvent and solvent handling
* Reduce process costsdue to shrinkage by eliminating capillary forcesin drying
* Reduce shrinkage to decrease U-factor

De-risk solvent-free Field Prototype
manufacturing
0.5-1yr, ~200k 1-2 yr, ~500k

Reach target performance of 1% Produce and test prototypes

haze, U-factor 0.4 (eng) >= 12" and validate
manufacturing cost

* Explore other applications for polymer aerogels

2019 Buildings XIV International Conference




Chintapalli, Mahati. 2019. All-polymer transparent thermal
barriers. Presented at the 2019 Buildings XIV Conference,
Clearwater Beach, Florida, December 9 - 12.

Brinker, Sol-Gel Science, 1990

Chart adapted from: Downey, Stover, et al. Macromolecules
2001
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g Objectives/Goals

Objective

* Develop a thin profile window pane
that can be installed in the existing
frame to improve energy efficiency
of single pane windows.

 Silica aerogels are one of the best
transparent insulation materials
known and offer an approach to
make energy efficient windows.

@ Existing frame

| 1 mmthick glass panes
< 8 Y

4 mm aerogel thermal
barrier between panes
TC< 14 mW/m-K

iﬁ Warm edge spacer

Our Solution

Develop a cost effective process to
form transparent silica aerogel
between two panes of glass.

Project Goals

Reduce cost of manufacturing
transparent monolithic aerogels
(< $10/sq. ft.).

Increase product throughput.

Shorten preparation and drying
times (hrs. vs. days).

Eliminate stresses created during
supercritical drying.

Eliminate handling of monolithic
gel and aerogel panels.



E Target Technical Metrics

Prototype 4

QuarterDue 12
1"x 1’
Size/description %" total thickness
P (aerogel dried through the thin
dimension)

Property Metric
U (BTU/sf/F/hr) <0.4
Haze <1%
Visible light transmission (T,;,) >80%
Color renderingindex (R,) >0.9
Humidity Pass
Thermal Conductivity (TC), (mW/m-K) <14
Temperaturecycling Pass extensive thermal test
UV stability Pass
Uniformity Pass
Manufacturing Cost Pathto <$10/sq. ft.




E Technical Results

- %\‘ '/g
* Silica aerogels are nanoporous
solids that are prepared by sol- ]| outionof

gel methods. |
lz;a;z%fnzyeifs;zzﬁ

* Add and dissolve monomers in Ho_ PMon™~_,
the solvent (e.g., ethanol). o oo e o
OH oT s e o o]
* Add polymerization catalysts to lfgggg{';gﬁ;?cqeosf

catalyze gelation of the sol.

gelation

* The aging step strengthens the
gel.

* Extract solvents at supercritical
conditions to eliminate the
vapor-liquid interface and
capillary pressure that cause the
gel structure to shrink during
drying.

oS T o e

& og°

< og” "5 o0 aerogel
O




Technical Results

Large Scale Transparent Aerogels

Chemistry Process
m ‘ Use a rapid supercritical
extraction process

Meets all target properties
except humidity stability

Meets all target
properties except haze

Hydrophobic aerogel Hydrophobic aerogel

Becomes hydrophilic

Why?
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Technical Results

* MTMS aerogels are prepared from methyltrimethoxysilane

0) @)
H3C\é /O\é .CHs
OCH I I
LY 29 |
| -
CHO” [ CHy T o S Sic S Hydrophobic
OCH, | "CH HiC” | D07 | CH,

Water beads up on surface

 PDMS aerogels are prepared from polydimethoxysilane.

Si(Me)3 Si(Me)3
0. %% 9 o Hydrophobic
OH |/ i O~sir N ‘
| Eon Lol Becomes hydrophilic
o l\o | | e
OEt O

Need high concentration of

HMDZ = (CH;);SiNHSi(CH;);

EtOH = ethanol

/ SI(MG)7 SI(Me)g

Both -Si(Me); and -OEt groups
contribute to hydrophobicity.

HMDZ hydrophobeto replace
ethoxy groupsto have durable
hydrophobicity.
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E Technical Results

 We initially used a rapid supercritical
extraction (RSCE) process designed to
speed-up production of aerogels.

* The RSCE process is very similar to
injection molding processes used to
manufacture certain types of plastics.

* The solis injected into a mold at
supercritical conditions, gelled, aged,
depressurized, and cooled to obtain
the aerogel.

* However, the best aerogels we made
by this process were opaque.

* We changed our approach since this
process was not producing
transparent aerogels.

Monolithic opaque aerogel



E Technical Results

* 4” x 4” Prototype was prepared by forming and
supercritically drying the gel between two panes of
glass.

* Required drying from the edges of the pane.

* Haze was ~1% and thermal conductivity was
13 mW/mK for a 3 mm thick aerogel.

* Indicated that it is possible to
produce an aerogel insulated
pane that meets project targets.

* Drying through the edges was
not a viable approach for larger
aerogel insulated panes.




E Technical Results

* We changed our approach to dry the gel through the
thin dimension by casting the sol on one sheet of glass.

___» Polystyrene strip
(24-4.0 mm)

————» 4 "x 4" glass plate.

Gelation without glass Gelation with glass
plate on the top. plate on the top.



g Technical Results

* We desighed a multi-pane mold to
form the gel between two panes
of glass.

* The mold facilitated removal of
one pane of glass. glass

\
» After gelationand aging, one pane
was removed for supercritical
drying to form the aerogel.

* We succeeded in
preparing5 4” x 4”
panes simultaneously.

* Had problems scaling

this approach to larger
sizes.




g Technical Results
* 4” x 4” Gels dried through the thin dimension.

Cast between two glass panes. Cast on one pane
Removed one pane for drying.

» Haze is ~1% higher when gel is dried through the thin dimension.
» Haze was similar for casting on one glass pane or between glass panes.

o I
Thickness % Light &< Dl_ffuse
Gel casting % Haze : Luminous
(mm) Transmittance :
Transmittance

Onone glass panes 2.34 90.65 2.36

DaNes




Technical Results

Large Scale Transparent Aerogels
s

Dry aerogel through
thin dimension

A
One Glass Pane Two Glass Panes

Remove glass pane
after gelation

Multi-pane mold

Keep surface clean

| Goal — crack-free 12” x 12” A-IGUs |
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g Technical Results

* Crack-free MTMS aerogels have durable hydrophobicity and
are stable to moisture exposure.

8” x 8” MTMS
aerogel

The haze before and after exposure to 95% RH at 49 °C.
Sample # | Glass Type % Haze Before | % Haze After| % Change
1 Clear/Clear 3.97 3.85 -3.02

* The haze for MTMS aerogels was higher than 3% and did not
meet the haze criteria.



E Technical Results

* Crack-free PDMS — HMDZ aerogels.

* The sol was cast on one pane of glass, dried through
the thin dimension, and sandwiched between two
8” x 8” glass panes.

(o))
o

Haze = 2.93%
Transmittance=82%

(%
o

D
o

Total transmittance

Transmittance (%)

w
o

-=-=-= Diffuse transmittance

200 600 1000 1400 1800 2200 2600
Haze < 3% Wavelength (nm)



Technical Results

* Prototype 12” x 12” panes using PDMS-HMDZ formulation.

* Due to aerogel shrinkage and adhesion of the gel to the
glass we were not able to prepare crack free 12” x 12”
aerogel panes on a routine basis.

Aged 2 days (0.75% NH3, 68 °C) Aged 1 month
Polystyrene spacer does not
survive supercritical CO.,.
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E Technical Results

e Used polystyrene spacer and polyisobutylene adhesive.
* Gel did not adhere to the glass and shrank during aging.
* Most of the shrinkage (70%) occurred during aging.

| :
- i .
-

A

Shrinkage

Aged for 1 month



o
¥

'}
‘ Lessons Learned

* |t is possible to produce a transparent aerogel that has a
haze of 1% and a thermal conductivity of ~13 mW/mK
but scale-up of the process presents unique challenges.

* It is important to produce aerogels with clean/smooth
surfaces to minimize haze.

e Adhesion of the aerogel to the glass pane is not
recommended and can cause the gel to crack during
drying.

* MTMS gels do not shrink during drying and the resulting
aerogels are hydrophobic but have higher haze.

* Hydrophobic aerogels are stable and are expected to
have long lifetimes.

* Hydrophilicaerogels need to be protected from
exposure to moisture since they are susceptible to stress
corrosion cracking.
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Introduction

 Market needs il =2 EECT

* A large stock of single-pane windows
remainsin the U.S.

e Occupantdiscomfortdue to water
condensation

 New regulationsand opportunities
— Zero net energy buildings
— LEED certification

e Technical approach: 2 synthesis methods

* Synthesize of aerogel slabs with
controlled pore size (< 20 nm) near
ambient conditions

o s 3

* Target market/implementation scenario |
* Retrofittingof new buildings

* US commercial buildings: 4.6 M ft? of
window

* Eliminate needs for triple pane windows Aerogelis translucent not transparent!

=

Original 100% Aerogel




Our innovation
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Ambigel slabs

1”x1.4” and 1 mm thick

Porosity: 92%, pore size < 20 nm

k < 0.03 W/mK, transmittance > 85%,
Haze < 2 %, Hydrophobic, flexible

Nanoparticle-based slabs
Diameter: 1.7”, thickness: 3—4 mm
Porosity: 50%, poresize <10 nm

k ~0.1 W/mK, transmittance > 90 %,
haze < 3%



Target Technical Metrics

* End of project goals: thermal barrier material

e Thickness =3 mm SHIELD design

* Thermal conductivity < 0.03 W/m.K __ Glasspane

e Optical: haze < 1% (1 W/m.K)

* visible light transmission T > 90% *—E'Bermal barrier

e U-value < 0.4 BTU/sgft.hr.°F

<+— Low-e coating, e

Exterior Interior

P>
3+3mm

* Deployment
* Use readily available materials = easy supply chain
* Compatible with low-e coating deposition processes
* Easy bonding to single glass pane
* Could also be seamlessly integrated in double pane glass window



Novel ambigel slabs

» Process feature: at room temperature and atmospheric pressure

TEOS and MTES Precursors form porous Transparent
precursors are mixed gel network ambigel
¢ e e 1 < S~
@ Hﬁ . -
YO ) d
o e

“U (" Gelation
e * ﬁ: Aging

Solvent Evaporation >
exchange:

1. Acetone, 2. TMCS treatment, 3. Heptane

oo

* Intellectual property
— PCT/US2019/39019, June 25, 2019

* Performance e Current challenges
— Porosity 70-92%, pores< 20 nm

— Transmittance > 85%, haze <2%

— k<0.03W/m.K
— Hydrophobic — Flexible

— Duration of process (5-7 days)

* Reduceto 1 dayin past6 months
— Scalingup the process
— Crackingof large and thick samples

&‘ * Causeby handlingorunevendrying
— Costof chemical




Novel ambigel slabs

transparent

Small pores

Density distribution

flexible hydrophobic

Contact angle = 123°

Pore diameter, nm

Attributes

1-3 mm thick
Porosity: 92%
poresize<20 nm

k <0.025 W/mK
Transmittance > 90%
Haze<2 %



Nanoparticle-based mesoporous slabs

« Process feature: at room temperature and atmospheric pressure

Nanoparticles (~ 5 nm) Hydrothermal Solvent
treatment exchange

Ambient drying

0.0‘0 ®
®
® o000 ®
S B N pH < 8 :
HCl
Colloids -SiO, Destabilized sol

nanoparticles

AT

Mesoporousslab
¢ = 50-80%

* Intellectual property
— PCT/US2019/39019, June 25, 2019

* Performance

— Porosity 50-81%, pores< 25 nm e Current challenges
— Transmittance > 80%, haze< 10%

— k<0.07W/m.K

— Duration of process (5-7 days)
— Scalingup the process
* Benefits — Crackingof large and thick samples

— Gel can be handled by hand and cut to — Increase porosity while keeping pores small
desired shape

122



Nanoparticle-based mesoporous slabs*

Attributes

= 1-6 mm thick

= 2-10cminsize

= Porosity: 50-80%

= Poresize< 20 nm

= k=0.07-0.16 W/mK
®"  Transmittance > 90%
" Haze<3%

g 300 @) 0.16 -~(b)
N T |(a 1
] o 0.14 1
-:'. 2 & 250 = ]
fg‘.,ﬁ w IE 0.12 -
Lt E 200 - s
e — L % 10'0.10
o '_P?aftziclgd?ar.télér‘(im) 13 150 - g 0.08 |
; a 8 |
= 0.06 -
S 100 z
- ] <>0.04
c 0 ~8-Si0,-PTFE-t 0.02
2 1 —o—Si0,-PFCt
E oln+r 7 0.00 LL_M .
00 02 04 06 08 10 0 5 10 15 20
Relative pressure, p/pg Pore width, w, (nm)
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Condensation temperature (°C)

Progress towards SHIELD program goals

e Simulated SHIELD design performance
* Based on ambigel properties measured for different quarters

o

|
ol

R
o

1
[y
ol

-20

Categor7

e I 0.1
2 .
Q N S/ng/e Pane e =0.84
T

1 — :0.1<e<0.84_
SHIELD ® :e=01
design
i I - I - I
0.2 0.4 0.6 0.8 1.0 1.2

U-value (Btu/[ft>.h.°F])

SHIELD design

Glass pane
(1 W/m.K)

<«<——Thermal barrier
kTB

<+— Low-e coating, e

Exterior Interior
>
3+3 mm
If integrated in IGU

U-value =0.22 Btu/ft2.h.F
Cond.temp.=-70°C



Cost breakdown

= Ambigel = Nanoparticle-based slab
= Porosity 85% Porosity 85%
= Assuming 8 hr process Assuming 8 hr process

= Total cost: $9.67/ft2 Total cost: $3.78/ft2
Equipment

Glass Water

TEOS
MTES

Glass

/

Equipment

Silica
nanoparticles

Ammonium

HCl Formamide

Attractive cost but performance should match
TMCS is the cost driver of ambigel slabs those of ambigel slabs



Lessons Learned

* Technical lessons
e Qurstruggles
 Ambientdryingusuallyresultsin crackingof the monoliths
* poresize tendsincreases with porosity
* Pores largerthan ~25 nm results in excessive haze for application
* Some solutions

* Omniphobicliquid substratescan reduce cracking

* Low surface tension solvent exchange with TMCS makes the slabs
porous, hydrophobic,and flexible

* Slowingdown the drying process keep the pore small and their
size distribution narrow

* Management
* Be flexible and creative while keeping your eyes on the prize
* Make a plan with WBS, milestones, and go/no go decision
* Adiverseinterdisciplinary teamis key to success



Project Outputs

* Publications in press or submitted

5 archival journal publications+ 5 submitted/in
preparation

* 1 keynote at MRS meeting

* Patents filed and granted
e Patent application PCT/US2019/39019, June 25, 2019

e Other T2M relevant activities
e Cardinal IG
* Nippon Sheet Glass



Project Next Steps

* ARPA-E Extension (July 2019-June 2021)
e Scale up the processto 20” x 20” x 3 mm
* Low-e coating deposition
 Window integration and thermal testing
* Develop plans for pilot plant

 Commercial strategy

 Commercialize the technology through licensing to a
glass manufacturer or fabricator

 Commercial Readiness Level (CRL) = 3 going to 4

* Time to market: 5-8 years
* Licensingto Piloting of full size production (+ 1-2 years)
e Technology transfer (+ 1-3 years)
e Commercialization (+2-3 years)



Bibliography

e U. Berardi, Applied Energy, 154 (2015) 603-615
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» QUESTIONS?

Prof. Laurent Pilon(Pl)
pilon@seas.ucla.edu
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Outline/Agenda

SHIELD Program Introduction and Retrospective

LU il Dr. Marina Sofos, ARPA-E

SHIELD Team Project Recaps

University of Colorado, Boulder: Prof. lvan Smalyukh
Arizona State University: Dr. Shannon Poges

Palo Alto Research Center (PARC): Dr. Mahati Chintapalli
Aspen Aerogels: Dr. Wendell Rhine

University of California, Los Angeles: Prof. Laurent Pilon

. o SHIELD Program Commercialization Pathways
ISR UL Patrick Finch, ARPA-E/Booz Allen Hamilton
3:00 PM — 3:15 PM Prospects for SHIELD aerogel technology for the windows market
Dr. George Gould, Aspen Aerogels
. o SHIELD Technology Durability Testing and Failure Assessment
SHSEMES:S0 FIV Dr. Robert Tenent, National Renewable Energy Laboratory

Industry Perspective Presentations, Window product development, first markets and next
3:30 PM - 4:00 PM steps for R&D

Dr. Kayla Natividad, Pilkington

Dr. Keith Burrows, Cardinal Glass

1:20 PM - 2:50 PM

veWNE
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Technology to Market Introduction

ARPA-E is unique among Federal research agencies in requiring a Tech-to-
Market (T2M) component from its research teams

Scope Manage
Provide strategic market insights Manage project teams’ T2M efforts
necessary to create innovative, through T2M plans and jointly
commercially-relevant programs developed milestones

Advise Partner

Support project teams with skills & Engage third-party investors and
knowledge to align technology with partners to support technology
market needs development towards the market

2019 Buildings XIV International Conference



% Overview of T2M Learnings to Date

1. High level of market interest in more insulating and durable IGUs
 Triple pane options are heavy and expensive
* Vacuum glazing is reliant on maintaining their edge seal

2. To outperform current retrofit options, lowering installation cost is critical
Materials costs are generally not the primary cost driver
 Theinitial SHIELD target may not have gone low enough!

3. Durability is key... but validating it even more so
 These types of materials have long been equated with fragility
 Accelerated aging is good, but more data is needed

4. The scalability of manufacturing is a significant challenge that is currently
being addressed
* Scaling while keeping vield high is critical to lowering costs
*  Minimizing drying step duration is critical to all processes
e Can we move away from batch processes to a more continuous
processes?



'i‘
% Technology to Market Timeline

Sample Technology Development Pathway

Window

ARPA-E T2M . Product
Transition CorporateMaterials  qoqiins g Manufacturing

Planning Dev/Prototyping Validation & Sales

G;ive\ Technology Scale-up Process

I High uncertainty I W |

\ ~3 Years " ~3-5Years I ~6-8+Years |
Y | Y

Low uncertainty

ARPA-E R&D Product Development Manufacturing
Phase and Testing Phase Phase



il
% Our Speakers

» Corporate Materials Dev/Prototyping
* Dr. George Gould, Aspen Aerogels

* Testing & Validation

* Dr. Rob Tennant, National Renewable Energy Laboratory
(NREL)

 Window Product Development
* Dr. Kayla Natividad, Pilkington

e Dr. Keith Burrows, Cardinal




2019 Buildings XIV International Conference

Workshop 8: DOE Building Envelope
Research Projects on Fenestration and
Grid Interaction

George Gould, Ph.D.

Chief Technology Officer aspen |

Aspen Aerogels, Inc. p |aeroge|s
ggould@aerogel.com

Nanomaterials
Manufacturer Perspective:

Next Steps for SHIELD
Technologies




g Observations -- General Technology Readiness Level

Nanoporoustransparent insulation materials TRL

TECHNOLOGY DEVELOPMENT »COMMISSIONING—» OPERATIONS
COLD—* HOT >
Concepts — Lab Scale * Bench Scale *Engineering Scale ™ Full Scale >
Paper — ™ Pieces » Prototypes » Plant >
Simulants » Simulants/Wastes —— Simulants = Wastes >

TRL K \
1 2 3 4 5 6 7 8

[{e]

* Feasibility and fit for purpose — some are ready to begin
scale up development

* Developmentdiscipline and investment s significant
(formulation optimization, prototype machine design,
process engineering)

* Risks are high on fit for purpose issues for nanoporous
materials

* Haze, color, clarity, geometric stability, cracking/damage



g Next Steps for Advancing Commercialization

* Does the new technology meet the strategic objectives of
the company?

* For us, the market size, adjacency to current offerings and
Innovation advantage as a fast mover are attractive

* Is there a business case once market needs, adoption
timeline, projected manufacturing costs and capital
Investment are considered?

« For our approach the risk level is perceived high and the required
investmentsignificant. ROI is low at current TRL

 Are investors or partners willing to invest in the next level
of development based on progress so far or is more
basic/fundamental research needed?

« A compelling business plan and robustly demonstrated
manufacturing process at pilot scale are foundational not optional

More research needed



% Suggested Knowledge Gaps to Address

Basic Technology
« Materials durability (especially with silicate aerogels)

- Statistically relevant studies to assess variations in color, aging,
haze, geometric stability

* Design of experiments based deep dive into formulation and
process variable interactions at lab scale, pilot scale

« Low cost precursor integration into formulation
« Handling, fabrication, packaging, application of product form factors

Process Engineering Research
« Fast cycle time approaches for low conversion costs
» Scale effects on reproducibility, yield
» Potential for automation

Manufacturing Readiness
* Regulatory, safety, supply chain partners, site

Cost Modeling
« Detalled unit operation modeling for energy usage, capacity, yield



% Further Considerations

My perspective: There are solid business prospects for a fit for purpose insulating
productin window applications but more research is needed. Your approachmay
require other considerations.

« Some prospective products are being prototyped with flammable
organic solvents as part of the manufacturing process
* Methanol is a HAP in many states and tightly regulated
* Methanol is highly toxic
» Ethanol requires special permits to use/store/ship
« Flammable solvents at scale need special high hazard area rated equipment and
emissions control equipment — understand fire hazards

* Do your sponsors/investors understand the magnitude required to get
to commercialization? Aerogel materials - $10M+

« Are you ready to advance from lab to pilot scale?
« Timelines and budgets are at risk when you advance too quickly
» Detailed development needs a relatively narrow starting point

« Make sure your plan is sustainable and that your product design is fit for
purpose
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Workshop 8: DOE Building Envelope
Research Projects on Fenestration and
Grid Interaction

Robert C. Tenent, Ph.D. Wy = «
National Renewable Energy Laboratory ll
robert.tenent@nrel.gov

Transformmg ENERGY

SHIELD Technology Durability Testing
and Failure Assessment
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% Learning Objectives

* Discussion of relative importance of durability assessment in
early stage fenestration technology development

* |[dentification of areas of importance for durability assessment
of aerogel fenestration

* Discussion of how aerogel fenestration durability may be
evaluated including current and planned research

* Discussion of relevant standards and ratings bodies for
fenestration technologies



What do potential partners want?

Ranking the importance of four factors to the
evaluation of an emerging fenestration technology

Development MetricPrioritization

Durability

Participant Type % of attendees

Performance
Large Glass/Window 32
Manufacturer
Low Production .
Cost Start Up Companies 21
University/National Lab 32
Ease of Other (funding agencies, 15

Manufacturab...

consultants)

Other

2 3 4 5 G 7 g a 10

] 1

Most common “other” metric was aesthetics
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% Importance of Durability Demonstration

“Some one who approaches a glass company, should come with
samples that have already been through durability testing,
before they bring it to the glass company. They need to be
capable of showing appearance and durability are good”

“1G elephant in the room is durability, windows are supposed to

last forever, durability is huge. One failure and the consumer
loses confidence.”

“Durability matters because you want it to last or customer will
hate you for it”



What Factors May Be Most Important?

Physical Thermal :
Breakage Chem|ca|
Contact Stresses Attack

Chemical
Release
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Durability Assessment: Integration Matters

Example Integration Strategies

=)
Applied Film Applied Film Cavity Fill
Interior Surface
* Low cost, simple * Increased cost * Increased cost
installation * Limited exposure risk * Limited exposure risk
* Environmental e Similarto VIG hybrid * Potentialissues with
exposure risks HIGH mechanical stress

2019 Buildings XIV International Conference




Current Durability Assessments

IGU/Window:
ASTM E2188/2189/2190 — Edge Seal Durability

North American Fenestration Standard
Structural Strength
Water Penetration Resistance
Air Leakage
Operating Force (optional)
Forced-Entry Resistance (optional)

Window Film:

ASTM D882 — Physical Properties
ASTM D1044-D — Abrasion Resistance
ASTM E84 — Flammability

ASTM D1929 — Flame Ignition

2019 Buildings XIV International Conference



T
E Aerogel Durability Research

Simulated solar exposure and
elevated temperature testing

« Monolithic aerogels
* |GU “encapsulated”

Conditions:

1 sun equivalent —

AM 1.5 solar spectrum matched Xe arc lamps
60 °C, < 60%RH in air

Differential thermal stress

* Planned

Temperatures 100 °Cto -50 °C
Relative humidity 5% to 95%




Combined Accelerated Stress Testing

Factors applied cyclically

Light (with partial shading)
Temperature

Humidity (uncondensed)
Rain

Mechanical stress

eCapability to apply all
stress factors
eProgrammatic control
eDatabase for

- test parameters

- run steps Example: Rain and damp heat stage
- module (T, I-V, P)

- chamber (T, RH)

* 40°C Rain (pulsed), 40°C chamber, >95% RH (dark)
Pressure bars (pulsed, simulation of wind (or snow load). Pressure scaled
for sample sizes through modelingand simulation)
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% Relevant Standards and Ratings Bodies

* National Fenestration Ratings
Council (NFRC)

* Fenestration and Glazing
Industry Alliance (FIGA)

* Formerly AAMA and IGMA

* Insulating Glass Certification
Counclil (IGCC)

 Window and Door

Manufacturer's Association
(WDMA)




U

Robert Tenent
National Renewable Energy Laboratory
robert.tenent@nrel.gov
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Who is NSG Pilkington North America?

Glass

Fabrication

. Float Glass .
Raw Material * Heat Treated Construction

. Process . : Distribution .
Extraction Laminated Installation

e PyroliticCoated e Sputter Coated
e |GU
e Etc.

« Our customers include fabricators, architects, engineers, building
owners, building occupants.
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Customer Feedback

Low U-Factor

Better window insulation

Low SHGC

less solar heat transmission

Both:

Improve occupant comfort

Reduce HVAC load
requirements

Visible Light
Transmittance
(VLT)

Solar Heat Gain
Coefficient (SHGC)

2019 Buildings XIV International Conference

High visible light
transmission:

Improve
quality views
Reduce need
for artificial
lighting
Improve
occupant
health and
productivity




Building Sector Drivers

Strong push for net zero and Global CO2 Emissions by Sector
sustainable buildings through:

« City Codes
o State Codes

 Voluntary Design Codes
« LEED
- WELL
» Passive House
 Living Building

2019 Buildings XIV International Conference




Building Sector Today

Global CO2 Emissions by Sector Annual Global Building Sector CO2 Emissions

* 2
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% Building Sector Tomorrow

« Energy codes for new construction becoming more
stringent

« ~2030 Targets focused on renewable energy, emissionreduction,
and building energy performance

« Since 2/3 of the building area that exists today will still
exist in 2050 emphasis should also be on reduction In
energy consumption and emissions of existing building
stock

« Existing energy codes don’t always apply to existing buildings

* NYC and Seattle require buildings undergoing major renovations to come close to
energy performance requirements for new buildings UNLESS it is detrimental to
building

« Movement towards improved fenestration through: prescriptive code,
trade-off, benchmarking



% Glazing Technology

New technology to address these concerns are:
* Thin Triple IGU (light-weight — fits in double IGU profile)

« Vacuum Insulating Glass (thin profile — easy high
performance monolithic replacement)

« Dynamic Glazing (added functionality)
« Transparent BIPV (added functionality)
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Keith Burrows

Cardinal Glass Industries
kburrows@cardinalcorp.com CARDI NAL (”“

Glass Industries

Architectural Glass Needs
and Opportunities
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Improving Window Performance

The thermal performance of architectural glassis measured in two primary ways:

U-factor Heat loss through window Lower is better scalable materials

SHGC Solar heat gain throughwindow  No single optimal value dynamic materials

SHIELD (successfully) targeted improved U-factors, but a scaled solution is still
required.

Existing products offer a range of static SHGC’s that cover the market’s needs, so the
opportunity there is for dynamic SHGC materials (thermochromic, electrochromic,
liquid crystal, etc) that respond to conditions.
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% Not Just Energy Performance

The decision to adopt a technology for architectural glass is
not as simple as evaluating SHGC, U-factor and cost.

The industry is slowly moving towards a more integrated
approach, so you will need to also consider:

« Occupant comfort, productivity, safety, and health.

* The life cycle of the product including embodied
energy, operation, maintenance, and end-of-life.



g Single Pane vs IGU

SHIELD aimed to improve the performance of single pane windows, but

the best opportunity for your technologies is in IGU’s (insulated glazing
units).

Advantages of integration into an IGU

« Higher end of market = more willingness and ability to
pay

« Higher volume market

* IGU provides encapsulation = protection from humidity,
UV, scratching & abrasion, and chemical damage

« Partner with the largest and most technical participants in
the supply chain (glass manufacturers, coaters, and IGU
fabricators)



% What | need to evaluate a new technology

* Performance & optical data. Bonus if 10 mm x 10 mm
samples are available for our own in-house testing.

Initial durability testing. Not critical that glass industry
standard tests are used.

Cost model & IP position

Evidence of Scalablility (not scale)

But | don’t need any of the above to have a
conversation—if you have an idea, reach out.



